Due to the steeply increased use of nanomaterials (NMs) for commercial and industrial applications, toxicological assessment of their potential harmful effects is urgently needed. In this study, we compared the DNA-damaging properties and concurrent cytotoxicity of a panel of 10 engineered NMs in three different cell lines in relation to their intrinsic oxidant generating properties. The human epithelial cell lines A549, HK-2 and HepG2 were chosen to represent relevant target organs for NMs in the lung, kidney and liver. Cytotoxicity, evaluated by WST-1 assay in the treatment concentration range of 0.3-80 µg/cm 2 , was shown for Ag and ZnO NM in all three cell lines. Cytotoxicity was absent for all other NMs, i.e. five types of TiO 2 and two types of multiwalled carbon nanotubes. DNA damage, evaluated by the alkaline comet assay, was observed with Ag and ZnO, albeit only at cytotoxic concentrations. DNA damage varied considerably with the cell line. The oxidant generating properties of the NMs, evaluated by electron spin resonance spectroscopy in cell free conditions, did not correlate with their cytotoxic or DNA-damaging properties. DNA damage by the nanosilver could be partly attributed to its surfactant-containing dispersant. The coating of a TiO 2 sample with the commercial surfactant Curosurf augmented its DNA-damaging properties in A549 cells, while surface modification with serum tended to reduce damage. Our findings indicate that measurement of the intrinsic oxidant-generating capacity of NMs is a poor predictor of DNA damage and that the cytotoxic and DNA-damaging properties of NMs can vary substantially with experimental conditions. Our study also underlines the critical importance of selecting appropriate cell systems and aligned testing protocols. Selection of a cell line on the mere basis of its origin may provide only poor insight on organ-specific hazards of NMs.
Introduction
Recent decades have witnessed tremendous increases in the production and use of nanomaterials (NMs), but also ongoing discussions about their potential adverse health risks to humans. Within the nanotoxicology field, an increasing body of research has devoted to the identification of potential genetic and carcinogenic risks of engineered NMs. Through various in vivo and in vitro studies, genotoxicity has been identified for specific types of NMs and relevant underlying mechanisms have emerged (e.g. see reviews of (1) (2) (3) ).
Among a variety of appealing toxicological mechanisms, the formation of reactive oxygen species (ROS) and associated induction of oxidative stress in NM-exposed cells, has been nowadays implicated as a pivotal mode of action. ROS generation and oxidative stress induction has been shown to mediate pro-inflammatory and proliferative effects of specific NMs and also likely play a role in DNA damage induction and mutagenesis. This oxidative stress paradigm in nanotoxicology has emerged from research with well-known toxic particles of larger dimensions like crystalline silica, ambient particulate matter (PM) and, more recently, with engineered nanoparticles (4) (5) (6) . Thus, various methods to measure the formation of ROS by particles have been developed and proposed as a new metric in particle toxicology and as a grouping tool in nanosafety research (7, 8) .
Previously, we could demonstrate that the oxidant-generating capacities of crystalline silica and PM, measured by electron spin resonance (ESR) spectroscopy in cell-free conditions, is a good predictor of their DNA-damaging properties in lung epithelial cells (9, 10) . However, whether this method can also be applied to predict the genotoxic properties of NMs, has not yet been thoroughly investigated.
Current literature yields remarkable contrasting in vitro findings regarding the DNA-damaging properties and effects of NMs, even within individual groups and types of materials. This variability has been contributed to critical-though sometimes subtle-differences in physicochemical properties of the particles, to heterogeneity in nanoparticle storage, handling and testing protocols, as well as to potentially confounding interactions with testing assay components (11, 12) . Contrasts in genotoxicity have for instance been contributed to the presence or absence of serum in the NM dispersion protocols that are required for reproducible testing (13) . Moreover, in recent years, also the impact of surfactants on NM toxicity is gaining interest. On the one hand, chemicals that mimic key components of lung surfactant fluid have been introduced in testing protocols to better reflect the initial mode of interaction of inhaled particles towards lung epithelial cells. Pioneering research by Wallace and colleagues already revealed that the genotoxic effects of crystalline silica particles can be inhibited upon its pre-treatment with a simulated lung surfactant (14, 15) . On the other hand, surfactants are also often included in various NM preparations in order to improve their stability and dispersion status. Testing of the specific impact of such compounds within NM dispersions alongside pristine NM should be a prerequisite, as this can improve our understanding on mechanisms of action as well as aid in the identification of potential assay artefacts. With such approach, genotoxic properties of stabilizing agents of Ag NMs could be recently identified, for instance (16) .
The aim of our study was to investigate the DNA-damaging properties and concurrent cytotoxicity of a panel of NMs in three different cell lines, in relation to their oxidant-generating properties.
The studies formed a component of the in vitro testing approach of the EU seventh framework project ENPRA. The overall aim of this project was to evaluate human health risks associated with exposure to engineered nanoparticles, focusing on the pulmonary, cardiovascular, hepatic, renal and developmental system (17) . Accordingly, the consortium selected a variety of cell lines originating from these body compartments for in vitro investigations. In view of the relevance for carcinogenic risk assessment, genotoxicity studies within the project focused on human cell lines of epithelial origin and the lung, kidney and liver as relevant target organs. Accordingly, we evaluated DNA damage by the alkaline comet assay and cytotoxicity by WST-1 assay in the human A549, HK-2 and HepG2 epithelial cell lines. The intrinsic (i.e. cell free) oxidant-generating properties of the materials were investigated by ESR, in order to evaluate whether this method enables prediction of cytotoxicity and DNA damage induction by NM. Finally, we evaluated the effects of serum, included in the standardised dispersion protocol as well as surfactants for specific NMs in order to address their possible impact on DNA damage.
Materials and methods

Chemicals
Trypsin, Dulbecco's Modified Eagle Medium with glucose, RPMI-1640 medium, Penicillin/streptomycin, Dulbecco's Ca 2+ /mg 2+ -free phosphate-buffered saline (PBS), agarose, low melting point (LMP) agarose, NaOH, Tris, NaOH, HCl, NaCl, Trinton X-100, DMSO, ethidium bromide, ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA), 5,5-Dimethyl-1-pyrroline N-oxide (DMPO), fetal bovine serum (FBS) and adult bovine serum (ABS) were obtained from Sigma (Germany). DMEM/F12H medium was obtained from Gibco Life Technologies (Germany), cell Proliferation Reagent WST-1 was obtained from Roche (Germany).
Nanomaterials
The 10 NMs, and the dispersant control, that were investigated in this study are listed in Table 1 . The materials are based on TiO 2 , ZnO, Ag and carbon (nanotubes) and represent the panel of NMs of the EC-FP7 funded project ENPRA. The main reasons to select these specific NMs for the project were their widespread commercial use and associated likelihood of exposure as well as their relevance regarding the evaluation of the role of specific physicochemical properties on their toxicity. A detailed description of selection criteria for the NMs is provided elsewhere (17) . The ENPRA NM panel includes six materials that also form part of the European Commission Joint Characteristics were obtained within the framework of the ENPRA project as described in (17) (18) (19) .
Research Centre (JRC) repository list and four different types of TiO 2 NMs procured by the Danish National Research Centre for the Working Environment (NRCWE, Copenhagen). The original sources of the materials are also specified in Table 1 .
Preparation of NMs
Suspensions of the NMs were prepared according to the protocol that was developed within the ENPRA project, and included a detailed characterisation of the NMs in the generated dispersions (17) . The established protocol allowed for the testing of the entire panel of NMs with a single sonication-based dispersion method that results in their appropriate dispersion state and stability. Hydrodynamic diameters and zeta-potentials achieved in the NM suspensions by the protocol have been published elsewhere (18) . All NMs except NM-300 are present as a dry powder. The Ag nanoparticles (NM-300) reside in a suspension of de-ionised water with stabilizing agents (7% ammonium nitrate, 4% polyoxyethylene glycerol trioleate and 4% Tween 20) . The dispersant of this sample (NM-300dis) was purchased together with the NM-300 for inclusion as appropriate control in this study (see Table 1 ). The powder type NMs were dispersed in Milli-Q de-ionised water with 2% adult bovine serum added, with the exception of the ZnO samples NM-110 and NM-111. These samples were first pre-wetted with 0.5% ethanol prior to addition of the dispersant. Stock suspensions of 2.56 mg particles per ml dispersion media were sonicated for 16 min without stop, on ice, using a Branson 450 Sonifier equipped with a 13 mm disruptor horn. After sonication, all NMs were kept on ice until dilution in complete medium. Suspensions were applied to the tests within 1 h after sonication.
Oxidant generation by NMs
The oxidant-generating properties of the nanoparticles were evaluated by ESR, using the spin trapping agent DMPO, according to a protocol that was previously applied for crystalline silica particles (9), with minor modifications. Briefly, 100 µl of freshly prepared suspensions of the NMs were mixed with 200 µl DMPO (0.05 M in PBS) and 100 µl of 0.5 M H 2 O 2 (in PBS). The suspensions were incubated for 15 min at 37°C and subsequently analysed using a MiniScope MS200 Spectrometer (Magnettech, Berlin, Germany) at room temperature and quantified as described previously (9) . Quantification was carried out on first derivation of ESR signal of the characteristic DMPO-OH quartet, as the mean of amplitudes, and outcomes are expressed in arbitrary units (a.u.). As positive control, a coal fly ash (EVA91) was used as characterised previously (20) . As a negative control, a mixture of distilled water containing 2% serum, H 2 O 2 , and DMPO was used, except for the ZnO and AgNP samples. For the ZnO samples, the negative control also included the 0.5% ethanol vol/vol. As the negative control for the AgNP (NM 300), the mixture of the dispersant control (NM 300dis, see Table 1 ), H 2 O 2 and DMPO was used. Because of the potential effects of the added serum (2%) in the ENPRA protocol suspension preparations, all analysis were also performed in the absence of serum, with inclusion of the appropriate (non-serum containing) negative and positive controls. ESR measurements of all NMs were also performed without addition of hydrogen peroxide in the reaction mixture with DMPO, both in the presence and absence of serum.
Cell culture
Three human cell lines were selected for the study, to represent the three target systems under investigation within the ENPRA project regarding the potential genotoxic effects of the NMs, i.e. the pulmonary, hepatic and renal system. The human alveolar adenocarcinoma cell line A549 (21) was cultured in DMEM supplemented with 4.5 g/l glucose and 10% FBS. The human hepatocellular carcinoma cell line HepG2 (22) was maintained in RPMI-1640 supplemented with 10% FBS, and the human proximal tubule epithelial cell line HK-2 (23) was grown in DMEM/ F12H supplemented with 10% FBS. 100 U/ml penicillin-streptomycin was added to all media. Cells were cultured at 37 °C and 5% CO 2 . During experimentation, the aforementioned culture media were replaced with phenol red free media.
Cytotoxicity
Cytotoxicity was determined using the water-soluble tetrazolium salt (WST-1) assay which measures metabolic activity of cells. Cell lines were seeded in 96 well plates at 10 4 cells/well in 100 µl of the cell culture medium and incubated for 24 h in complete medium at 37°C and 5% CO 2 . The cells were exposed to the NMs or controls for 24 h at 37°C and 5% CO 2 . Cytotoxicity was evaluated in all three cell lines at nine different treatment concentrations using 2-fold serial dilutions of the materials, with the highest dose of 80 µg/cm 2 (equivalent to 256 µg/ml). After the 24 h incubation, the plates were washed twice with PBS, followed by the addition of 10 µl of the WST-1 cell proliferation reagent and 90 µl of fresh medium. Plates were incubated for 1 h at 37°C and 5% CO 2 . The absorbance of the supernatants was measured by dual wavelength spectrophotometry at 450 and 630 nm using a micro-plated reader (Labsystems Multiskan Ascent).
DNA damage analysis by alkaline comet assay
The cells were seeded in six-well plates with complete culture media (3.8 × 10
5 cells per well, equivalent to 40 000 cells per cm 2 ) and incubated at 37°C, 5% CO 2 for 24 h. The cells were then exposed for 4 h to the NMs or controls. DNA damage was evaluated in all three cell lines at four different treatment concentrations in 4-fold serial dilution starting at the dose of 40 µg/cm 2 (i.e. equivalent to 128 µg/ml). Two independent experiments were performed for each cell line. Following treatment, cells were rinsed twice with PBS, detached by using trypsin and immediately resuspended in normal culture medium at 1 × 10 6 cells/ml. An aliquot of 10 µl cell suspension was mixed with 100 µl low melting point agarose at 37°C, and 100 µl of this mixture was immediately applied to a glass slide. Then the slides were held horizontal for 5-10 min on an ice-cold metal plate to allow for solidification. The slides were lysed overnight at 4°C in lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris-base, pH 10, containing 10% DMSO and 1% Triton X-100). The slides were washed three times for 5 min in water and then transferred into a pre-cooled electrophoresis tank and subjected to DNA denaturation for 20 min using alkaline (pH 13) denaturation buffer, followed by 10 min electrophoresis at 1.2 V/cm (270 mA, 26 V). Slides were neutralised for 3 × 5 min using neutralisation buffer (0.4 M Tris, pH 7.5), immersed in 90% ethanol for 5 min and then air dried. Prior to analysis, the slides were stained with ethidium bromide (10 µg/ml, 40 µl per slide). All washing and incubation steps were performed in the dark or red light, to avoid artificial DNA damage induction as previously could be identified, e.g. for TiO 2 nanoparticles (24, 25) . Comet appearances were analyzed using an Olympus Bx60 fluorescence microscope at 400× magnification. A comet image analysis software program (Comet Assay II, Perceptive Instruments, UK) was used for quantification of DNA damage by analysis of % DNA in tail (tail intensity). A total of 50 cells were randomly selected and analyzed per slide per experiment.
Effect of serum and surfactant on DNA damage induction
In the framework of ENPRA project, effects of serum coating of NMs on cytotoxicity and inflammatory responses could be demonstrated (26) . Other studies also investigated effects of the lung surfactant Curosurf on nanoparticle uptake and toxicity (27) . Therefore, in this study we analysed the effects of serum and Curosurf on DNA damage induction in the A549 cells. Two materials were therefore selected, i.e. the positively charged rutile sample (NRCWE002) and the nanotubes sample NM402. The experiments were performed as described above, with the sole exception that additional dispersion were prepared in the absence of 2%, or alternatively, upon addition of Curosurf.
Statistical analyses
Treatment concentrations causing 20 and 50% loss in cell viability (TC 20 and TC 50 values) were calculated from fitted dose-response curves obtained from the WST-1 experiments. Correlations between ESR measurement results, DNA damage and cytotoxicity (i.e. TC 20 ) were analysed by Spearman's ρ regression analyses. Effects of the serum and Curosurf versus the respective effects of the pristine NMs were evaluated by ANOVA with Tukey post hoc comparison. Values of P < 0.05 were considered as significant.
Results
Oxidant generation by NMs in cell free conditions
The oxidant generating properties of all NMs were evaluated in acellular conditions by ESR using DMPO as spin trapping agent, both in the presence and absence of serum. As can be seen in Figure 1 , the different materials showed rather contrasting oxidant-generating properties. The strongest effect per unit mass was found for the TiO 2 sample RWCE002. Oxidant generation was also observed with all other TiO 2 NMs except RCWE002, with both ZnO samples (NM110, NM111), and with one of the MWCNT samples (NM400). The presence of the 2% serum was found to reduce the oxidant generation of the samples, suggesting that the biological reactivity of these particles may be lowered due to the interaction of specific serum constituents with the NM surfaces. The ESR-based oxidant generating measurements were also performed without addition of H 2 O 2 . However, with this approach none of the NMs showed increased oxidant generation (data not shown).
Cytotoxicity effect of NMs on three different cell lines
The WST-1 assay was used to determine the cytotoxic effects of the panel of NMs in the three different human epithelial cell lines. Results of these investigations revealed that most of the NMs did not show considerable toxicity, with the exception of the Ag nanoparticles and both ZnO samples. Results for the NMs are shown in Figure 2 . From the dose-response curves TC 50 values were calculated, representing 50% loss of viability in the WST-1 assay. The Ag sample (NM300) was found to be the most toxic material for all three cell lines investigated. The toxicity of the NM300 was rather similar for all three cell lines, with calculated TC 50 values of 23 µg/cm 2 (A549 cells), 29 µg/cm 2 (HepG2 cells) and 23 µg/cm 2 (HK-2 cells). Interestingly, the effects of the nanosilver (NM300) were observed in absence of marked toxicity for its corresponding dispersant control (i.e. NM300dis), except for the HepG2 cells. For this cell line, the dispersant showed some moderate effects at the highest NM300-equivalent treatment concentrations, with a calculated TC 20 value (i.e. 20% viability loss at 61 µg/cm 2 ). For the ZnO based samples notable differences in effects could be observed between the different cell lines (See Figure 2) . The HK-2 cells appeared to be the most sensitive to the uncoated ZnO (i.e. NM110) while the HepG2 cells were the most resistant. The respective TC 50 values calculated for this NM were 44 µg/cm 2 (A549), 75 µg/cm 2 (HepG2) and 19 µg/cm 2 (HK-2). Moreover, while the uncoated ZnO (NM110) was toxic towards all three cell lines, for the coated ZnO sample (i.e. NM111) toxicity was only noted for the HK-2 cells with a TC 50 of 34 µg/cm 2 (see Figure 2) . The results of the other investigated NMs are shown in Figure 3 . As can be seen in the figure, none of the TiO 2 -based NMs (NM 101, NRCWE 001, 002, 003 and 004) were toxic in the three cell lines, up to the highest treatment concentration that was applied (80 µg/ cm 2 ). Also the nanotubes (NM400, NM402) showed no marked toxicity. Some moderate toxic effect could be observed for the NM400 sample in the HepG2 and HK-2 cells at high dose treatment, as also reflected by their respectively calculated TC 20 DNA damage by NMs in A549, HepG2 and HK-2 cells
The DNA-damaging potential of the ENPRA set of engineered nanoparticles was evaluated by the comet assay in the three cell lines following 4 h treatment at 0.625, 2.5, 10 and 40 µg/cm 2 , with the exception of NM300. For this NM, in concordance with the steep cytotoxicity curves that were obtained (see Figure 2) , 10 µg/cm 2 was chosen at highest relevant dose for DNA damage evaluation. The DNA damage observed in the untreated cells for these experiments were 2.37 ± 1.78, 6.8 ± 2.19 and 4.97 ± 0.98 for A549, HepG2 and HK-2 cells, respectively. This underlines the robustness of the A549 cells, compared to both other cell lines. Various remarkable differences in effects could be observed among the different NMs as well as the investigated cell lines. Figure 4 shows the DNA-damaging effects for the nanosilver sample, its dispersant control, the two ZnO samples and the two multi-walled carbon nanotubes. DNAdamaging effects tended to be most pronounced with the nanosilver (NM300) and the uncoated ZnO (NM110) in the three cell lines. Importantly, however, these effects were observed at concentrations that were also associated with cytotoxicity. Moreover, a considerable variation was observed among experimental repeats, in particular at the highest concentration tested (e.g. for NM300 in the HK-2 cells and for NM110 in the HepG2 cells). For the NM300, curve fitting analysis from WST-1 data revealed TC 20 values that were lower than the tested concentration of 2.5 µg/cm 2 for all three cell lines. In addition, notable DNA damage was also observed with the NM300 dispersant in the absence of cytotoxicity. The uncoated ZnO (NM110) caused DNA damage in all three cell lines, but this effect was by far more pronounced in the HK-2 cells. However, the TC 20 value in the HK-2 cells for NM110 was less than 1 µg/cm 2 . For A549 and HepG2 cells, values of 15 µg/cm 2 and 30 µg/cm 2 were obtained, respectively. In contrast to the uncoated ZnO, the coated sample (NM111) did not reveal any notable DNA damage induction among the three cell lines.
The DNA-damaging properties the five, non-cytotoxic, TiO 2 NMs are shown in Figure 5 . Interestingly, the levels of DNA damage induction were found to vary with the material as well as with the cell line. The most pronounced effects were observed with the NM101 sample, although DNA damage induction was overall low. For the TiO 2 nanoparticles, in contrast with the ZnO sample NM110, the strongest effects in the comet assay were not always observed in the HK-2 cells. Notably, the occasional DNA damaging effects observed among the TiO 2 samples were not associated with cytotoxicity; TC 20 values could not be established for any of the TiO 2 samples (see also Figure 2 ).
To evaluate whether the oxidant generating properties of the NMs measured in cell free conditions by ESR predicted toxicity in the three epithelial cell lines we performed Spearman's ρ rank correlation analyses (see Table 2 ). As shown in the table, neither DNA damage, nor cytotoxicity were found to be significantly related to the ESR measurements, indicating that these toxicological effects can be poorly predicted on the basis of this assay. On the other hand, there was good agreement concerning the ranking of toxicity among the three cell lines. With regard to DNA damage induction, there was also a significant correlation between A549 and HepG2 cells, but interestingly, not with the HK-2 cells.
The comet assay was also used to evaluate the potential impact of the 2% serum as used in the ENPRA project dispersion protocol in the A549 lung epithelial cells. The effect of the surfactant Curosurf on DNA damage induction was evaluated in parallel, as this compound has been shown to modify nanoparticle uptake and associated toxicity (27) . The experiments were performed with NRCWE-002 and NM402, and results are shown in Figure 6 . Absence of serum or replacement of serum with the Curosurf did not affect baseline DNA damage. However, both compounds tended to have contrasting effects with regard to DNA damage induction in the A549 cells by the TiO 2 sample. The presence of the Curosurf resulted in a significant enhancement of the DNA damage by TiO 2 . In contrast, the serum tended to reduce the DNA-damaging properties of the TiO 2 , however, this effect did not reach statistical significance. The MWCNT sample failed to induce DNA damage in the A549 cells, irrespective of the presence or absence of the serum or surfactant.
Discussion
In this study, we have investigated DNA damage and cytotoxicity of ten NMs towards A549 lung, HK-2 kidney and HepG2 liver epithelial cells, in relation to the intrinsic oxidant generating properties of these materials. DNA damage was evaluated by the comet assay, cytotoxicity was analysed by the WST-1 assay, and ESR spectroscopy was used to determine the intrinsic oxidant-generating properties of the tested NMs. The comet assay represents a sensitive and robust genotoxicity indicator assay and has been judged appropriate for the specific testing of NMs (25, 28) . Special care was taken to avoid assay artefacts for this in vitro test, e.g. as we described earlier, e.g. for TiO 2 during sampling processing (11, 24) . Likewise, the WST-1 assay protocol was modified within the ENPRA project in order to minimise potential assay artefacts for the entire panel of NMs (17) . In this study, we only used the WST-1 assay, while incorporation of additional tests has been recommended in view of potential assay artefact induction by specific NMs in specific tests (11, 29, 30) . We and others could previously show that ambient ultrafine particles and specific types of NMs can act on NAD(P)H activities (31) (32) (33) . Such effect could possibly also influence WST-1 assay readouts by affecting cell membrane-associated NAD(P) H-dependent oxidoreductase (34) . Although not investigated in this study, we consider such potential effect as low. Moreover, concordance in toxicity ranking has been demonstrated for the full panel of NMs within the ENPRA project, as well as for various related types of NMs in side-by-side comparisons with alternative assays (17, 24, 29, 35, 36) . The intrinsic oxidant generating properties of the NMs were measured by ESR in pristine form (1) as well as following dispersion in the presence of serum (2). DNA damage, measured by comet assay, was calculated as % of control (3, 4 and 5). Treatment concentrations causing 20% loss in cell viability (TC 20 values) were calculated from fitted dose-response curves obtained from the WST-1 experiments (6, 7 and 8). In each table, the Spearman ρ-correlation coefficients are shown and, in italics, the corresponding level of significance (*P < 0.05 and **P < 0.01).
In recent years, there has been increasing interest in methods that evaluate the oxidant generating properties of NM. They are considered to be highly promising in nanosafety testing, towards improved NM grouping and lower-cost, animal-alternative research prioritisation strategies (37) (38) (39) . For the present investigations, we applied a cell free ESR-based method that detects H 2 O 2 -mediated radical formation (9,10). These analyses revealed marked contrasts in intrinsic oxidant generating properties among the NMs. We hypothesised that this method would predict their DNA-damaging properties. However, unlike earlier findings with silica (9) and PM (10) we found no significant correlations between the ESR data and DNA damage induction or cytotoxicity in any of the cell lines. For most NMs, the serum modification resulted in diminished ROS generation. This may be due to inhibition of surface-catalysed ROS generation following coating of the NMs as well as the antioxidant and ROS scavenging properties of specific serum constituents. Along these lines, the absence of an increased ESR signal for the nanosilver could be related to its dispersant. Subsequent investigations showed that the dispersant control (NM300dis) can strongly inhibit the H 2 O 2 -mediated DMPO-OH adduct formation by CuSO 4 (data not shown). We therefore also evaluated oxidant generation in NM treated A549 cells using a previously established method (40) . However, for none of the NM treatments any significant increase in ESR signal was detected (data not shown). It remains to be investigated whether approaches to measure oxidant generation capacity of NMs (37-39) allow for a better prediction of their DNA-damaging potencies. It also should be taken into account, that the enhancement of ROS generation by NMs can occur as a results of their intrinsic chemical reactivity as well as upon physical interaction with cellular structures involved in the catalysis of redox processes (6) . Hence, poor intrinsic oxidant generation properties of specific NMs do not necessary need to correlate with absence of oxidative stress dependent cellular responses.
In this study, we observed contrasting cytotoxic and DNAdamaging effects for the various NMs among all three cell lines. However, one should also not ignore the occasional high within cell line variability with specific NMs, which was especially observed at the highest test concentration. Nevertheless, for the specific panel of NMs our results also aligned well with findings from other ENPRA project partners (17) (18) (19) . In concordance with our findings, Karlsson et al. (41) found DNA damage in A549 cells with ZnO and TiO 2 NM, respectively with and without concurrent cytotoxicity. In our hands, ZnO previously also turned out to be the most DNA-damaging NM in human Caco-2 intestinal epithelial cells, among four other NMs, i.e. TiO 2 , MgO, SiO 2 and carbon black (24) . The effects observed with the nanosilver are in agreement with findings reported for a variety of cell lines including A549 cells, HepG2 cells, HEK293 human kidney cells, HT29 human intestinal cells and TK6 human B-lymphoblastoid cells cells (16, (42) (43) (44) . The two MWCNT samples did not reveal any notable DNA-damaging properties in all three cell lines in our study, whereas some DNA damage by comet assay was shown by others for this type of NM, for instance in A549 cells (41, 45) . However, in those studies also significant cytotoxicity was observed, unlike our investigations. The genotoxic properties of MWCNTs may vary considerably depending, e.g. on aspect ratio (i.e. length vs. thickness), rigidity, entanglement and associated agglomeration, the presence of metal impurities and specifically engineered chemical modifications, i.e. nanotube functionalisation (46) . However, also specific experimental conditions, such as treatment time, cell culture conditions and the specific experimental protocol for NM handling and dispersion should be taken into account. Each of these may explain for differences seen with MWCNTs, as well as with other types of NMs (11, 12) . The differences in NM properties and variations of experimental conditions among different laboratories have contributed to the existence of a substantial heterogeneity of published data. Accordingly, there is an ongoing debate on the genotoxicity of specific groups and event specific types of engineered NMs. The variations in effects that we observed with the five TiO 2 NMs should be attributed to differences in, e.g. size, surface charge, crystal phase or aggregation/agglomeration behaviour. The importance of the physical properties in the genotoxicity of this type of NM TiO 2 was shown earlier by Falck et al. (47) .
Our study also revealed that the effects of NMs can vary substantially with the cell line. All experiments presented in this article were performed in a single laboratory. With exception of the differences in cell culture media composition (see methods section), all cell culture and NM treatment conditions and equipment were identical. With this uniform set up, the silver nanoparticles were found to cause similar DNA damage in all three cell lines whereas the uncoated ZnO caused substantial DNA damage in the HK-2 cells, to less extent in HepG2 cells, but not in the A549 cells. Cell line specific differences in extent and profile of DNA damage effects were previously shown for silver nanoparticles in HepG2, A549 and HT29 cells (43, 44) . Recently, a large panel of NMs with widely differing physicochemical properties, including TiO 2 , was also subjected to a thorough genotoxicity evaluation within the EU project NanoTEST (28) . Interestingly, however, they observed a considerable overlap regarding the detection of positive versus negative (i.e. non-genotoxic) responses over a broad range of cell lines, even though experiments were performed in multiple laboratories. When considering the full panel of NMs in our study, a good concordance was found in DNA damage ranking between the A549 cells and HepG2 cells (Spearman rank correlation: 0.818 P = 0.004), but not with the HK-2 cells (see Table 2 ). However, it needs to be emphasised that our study was not designed, per se, for genotoxicity classification purposes and did not fully comply with current comet assay testing recommendations.
Our study should also be viewed in the light of cell line selection criteria for nano-genotoxicity studies in relation to organ specificity of effects. The differences in NM effects observed for the three human epithelial cell lines are not specifically meaningful regarding hazard assessment towards the organs from which those respective cell lines originate. For the mutagenesis community this concept will be obvious, but it is also important to address this once more to the nanotoxicology research field. All the more since studies on systemic effects of NM are steadily expanding. Rather, on the contrary, findings in our present study highlight the importance of the choice of cell treatment protocols when organ-specific effects are addressed. We could demonstrate that the DNA-damaging effect by a TiO 2 NM depends strongly on the presence of the serum in the dispersion protocol and is significantly enhanced if replaced by a commercial lung surfactant. For inhaled NMs, alveolar epithelial cells are the predominant initial target and upon deposition in the alveolar region the particles will immediately interact with the covering lung surfactant. In contrast, NMs that enter the body via other compartments and/or NMs that translocate into the bloodstream towards secondary organs (including liver and kidney) are prone to be coated by a corona of proteins and other biological components (2, 26, 48 ). Our results demonstrate that the choice of NM dispersion method can have major impact on genotoxicity. Earlier, Magdolenova et al. also found a significant effect of the dispersion protocol in the comet assay for TiO 2 NMs (13). Our dispersion protocol (i.e. 2% serum) mimics, at least to some extent, the effects of NMs that enter the bloodstream and thus attain a corona. The protocol was appropriate to disperse all NMs used in this study, and allowed for a direct comparison of their toxic potencies among the three cell lines. However, for the hazard screening of inhaled NMs, the alternative, lung surfactant-based protocol appears more justified. Thus, it can be argued that the genotoxic effects towards the A549 lung cells may be underestimated for TiO 2 and possibly other NMs. The importance of cellular uptake in NM toxicity is well recognised (6), but was not investigated in our current study. Interestingly, however, using the exact same dispersion protocol as ours, in NCI-H292 bronchial epithelial cells the uptake of the TiO 2 NM was found to be enhanced in the presence of the serum, whereas the Curosurf tended to decrease its cellular uptake (26, 27) .
A final remarkable observation in our study concerns the effects of the nanosilver dispersant. It caused notable DNA damage without concurrent cytotoxicity, and further highlights the importance of including appropriate controls in nano(geno)toxicity testing. Unlike our findings, Huk et al. (16) found no DNA damage by comet assay with a number of Ag NM dispersants. However, they did observe mutagenicity with sodium citrate and Tween 80. Recently, Zhao et al. showed dose-dependent histone H 2 AX phosphorylation with various surfactants in MCF-7 breast carcinoma cells, including Tween 20, Triton X-100 and Nonidet P-40 (49) . They proposed that these agents cause DNA double-strand breaks via a mechanism involving DNase I release and actin disruption. Accordingly, it would have been interesting to evaluate DNA double strand breakage induction by the NM300, but this was beyond the scope of our current study. No increased formation of γH2AX foci was found in a recent study with two types of Ag NMs (43) . Nevertheless, we agree with Huk et al. who concluded that stabilisers with mutagenic potency should not be included in NM preparations (16) .
Conclusions
The results of our study indicate that the DNA-damaging properties of NMs can be markedly influenced by experimental conditions. This includes the choice of the cell line as well as the dispersion protocol. Measurement of the intrinsic oxidant-generating capacity of NMs by ESR turned out to be a poor predictor of their DNAdamaging potency. Our study also revealed that one should be cautious to select a cell line on the mere basis of its origin in an attempt to assess organ/tissue-specific hazards of NMs and further underline the critical importance of selecting appropriate cell models and testing protocols.
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